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Saccharomyces cerevisiae cells lacking the yeast frataxin ho-
mologue (Ayfh1) accumulate iron in the mitochondria in the
form of nanoparticles of ferric phosphate. The phosphate con-
tent of Ayfhl mitochondria was higher than that of wild-type
mitochondria, but the proportion of mitochondrial phosphate
that was soluble was much lower in Ayfh1 cells. The rates of
phosphate and iron uptake in vitro by isolated mitochondria
were higher for Ayfh1 than wild-type mitochondria, and a sig-
nificant proportion of the phosphate and iron rapidly became
insoluble in the mitochondrial matrix, suggesting co-precipita-
tion of these species after oxidation of iron by oxygen. Increas-
ing the amount of phosphate in the medium decreased the
amount of iron accumulated by Ayf#1 cells and improved their
growth in an iron-dependent manner, and this effect was
mostly transcriptional. Overexpressing the major mitochon-
drial phosphate carrier, MIR1, slightly increased the concen-
tration of soluble mitochondrial phosphate and significantly
improved various mitochondrial functions (cytochromes,
[Fe-S] clusters, and respiration) in AyfhI cells. We conclude
that in AyfhI cells, soluble phosphate is limiting, due to its co-
precipitation with iron.

Friedreich ataxia is the most common hereditary recessive
ataxia. The gene responsible for this neurodegenerative dis-
ease was cloned in 1996 (1). The corresponding protein
(frataxin) is a small, highly conserved mitochondrial protein.
It is now generally accepted that frataxin (Yfh1 in yeast) is one
of the components of the mitochondrial [Fe-S] cluster ma-
chinery, acting either as an iron donor or more generally as a
chaperone interacting with the desulfurase/scaffold proteins
involved in [Fe-S] assembly (2, 3). However, it has proved to
be more difficult to determine the precise role of frataxin than
of other components of the [Fe-S] cluster machinery, partly
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because the phenotypes associated with a lack of frataxin are
both very diverse and differ according to the cellular model
studied (for recent reviews, see Refs. 4 and 5). Indeed, the ab-
sence of frataxin results in direct or indirect defects in many
pathways other than [Fe-S] biogenesis, including heme syn-
thesis (6, 7), oxidative stress defense (8 —10), apoptosis (11),
and mitochondrial iron homeostasis (12). One major diffi-
culty in studying the role of frataxin in the yeast model is to
distinguish phenotypes that specifically result from the lack of
frataxin from phenotypes shared by several mutants affected
in [Fe-S] cluster biogenesis (13).

Frataxin-deficient yeast cells, like other mutants defective
in [Fe-S] cluster biogenesis, accumulate huge amounts of iron
in their mitochondria (14). The mechanisms of iron import,
export, and storage in the mitochondria are still very poorly
understood. Several proteins in Saccharomyces cerevisiae mi-
tochondria have been proposed as candidate iron transport-
ers. The proteins include the paralogous proteins Mmt1 and
Mmt?2 (15), and the paralogous mitochondrial carrier proteins
Mrs3 and Mrs4 (16). The Mrs proteins (homologous to the
mammalian mitoferrin) are the best candidates for the func-
tion of mitochondrial iron import (17-19). However, the
mechanism of uptake is still completely unknown and will
probably remain so as long as the iron substrate used by these
proteins in vivo is not known. In Ayfi1 mitochondria, iron
accumulates in the form of amorphous nanoparticles of ferric
phosphate (6), and there is now evidence that the same is true
for other mutants defective in [Fe-S] cluster biogenesis or ex-
port (13, 20, 21). Iron precipitated in this form is unavailable
for biological processes, and thus, Ayfh1 cells might paradoxi-
cally suffer from iron deficiency despite being overloaded with
iron (13). The effects of frataxin deficiency on iron metabo-
lism in yeast have been studied extensively (reviewed in Ref.
4). But, as iron precipitates in the form of ferric phosphate in
the mitochondria of Ayfhi1 cells, the physiological conse-
quences of iron accumulation/precipitation in these cells
probably involve dysfunctions in both iron and phosphate
metabolism. Like iron, the precipitated phosphate is probably
unavailable for biological processes. Frataxin-deficient cells
are very often studied with regards to disruption in iron ho-
meostasis but were never studied with regards to disruption
in phosphate homeostasis. However, the question of ferric
phosphate accumulation in the mitochondria of some mu-
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tants can obviously be studied from both ends: iron and phos-
phate. In the present study, we decided to study this issue by
focusing on phosphate rather than iron. Inorganic phosphate,
which is vital for oxidative phosphorylation, is transported to
the mitochondrial matrix by two partly redundant carriers,
Mir1 and Pic2 (22, 23). Interestingly, Mir1 is also involved in
protein import into mitochondria (24), and Pic2 can revers-
ibly change its transport mode (antiport-uniport) according
to the redox conditions (25). More generally, phosphate is
involved in the homeostasis of several cations in different cel-
lular compartments (26). Co-precipitation of phosphate with
iron in Ayfhl mitochondria is thus expected to have physio-
logical implications. We therefore investigated the effects of
phosphate precipitation in mitochondria of frataxin-deficient
yeast cells. As far as we are aware, this is the first report ad-
dressing frataxin deficiency from this particular point of view.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Conditions—The strains used in
this study were YPH499 (wild-type; MATa ura3-52 lys2-801
ade2-101 trp1-A63 his3-A200 leu2-A1 cyh2), YPH499Ayfh1
(Ayfhl; Ayfhl::TRP1), YPH499Amrs3Amrs4 (mrs4::kanMX4,
mrs3:URA3), YPH499AggcI (ggcl::kanMX4)), and ERyfh1l
(13). To avoid the accumulation of suppressor mutations in
frataxin-deficient cells, the yfliI deletion was covered by a
shuffle plasmid bearing a wild-type copy of YFHI and of
CYH?2. The covering plasmid was ejected before each experi-
ment by plating the cells on YPD and cycloheximide, as de-
scribed previously (6). Cells overexpressing MIRI were trans-
formed with the 2u plasmid Yep352-MIR1. Unless otherwise
stated, cells were grown aerobically in either complete me-
dium (YP-raffinose) or defined medium (6.7 g/liter yeast ni-
trogen base without amino acids, iron, or copper and contain-
ing 0.1% glucose, 2% raffinose, 0.8 g/liter amino acids). The
defined media were supplemented with 200 mg/liter adenine,
5 uMm CuSO,, and with various amounts of iron, in the form of
ferric citrate (1:20) or ferrous ascorbate (1:10). In some exper-
iments, the cells were grown in defined medium without
phosphate (yeast nitrogen base without phosphate), to which
various amounts of phosphate was added as K,HPO,/
KH,PO, (pH 6.5). For conditional expression of YFH1 by the
ERyfh1 strain, the cells were grown in defined medium con-
taining different concentrations of estradiol (0—-2.5 nm). The
steady-state amount of Yth1 produced by the cells was pro-
portional to the concentration of estradiol in the medium and
was estimated by quantitative immunoblotting (13).

Cell Fractionation—Mitochondrial and cytosolic fractions
were isolated after treatment of cells with zymolyase, followed
by lysis of the protoplasts in 0.6 m sorbitol (buffered with 50
mMm Tris, pH 7.8), in the presence of protease inhibitors (pro-
tease inhibitor mixture, P8215, Sigma) as described previously
(27). The purity of the mitochondrial fraction was estimated
by assaying the activity of cytochrome oxidase as described
previously (27). Submitochondrial fractionation was carried
out as described previously (28).

Iron and Phosphate Uptake by Isolated Mitochondria—Mi-
tochondria were suspended at 1 mg/ml in 0.6 M sorbitol buff-
ered with 50 mm HEPES, pH 7, and preincubated at 30 °C for
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15 min with 1 mm NADH. For iron uptake experiments,
55Fe(Il)-ascorbate (1:2) was added at a final concentration of
10 uMm. At various time intervals, 100-ul aliquots were with-
drawn and added to ice-cold 0.6 M sorbitol buffered with 50
mMm HEPES, pH 7, containing 1 mm unlabeled Fe(II)-ascor-
bate. The aliquots were washed three times by centrifugation
before scintillation counting. For phosphate uptake experi-
ments, the mitochondria were preincubated for 15 min at

30 °C in the same buffer containing 1 mm NADH and 10 um
Fe(II)-ascorbate, and then 0.5 mm [**P]phosphate (as a mix of
1:1 sodium and potassium orthophosphate, pH 7) was added.
Aliquots (100 wl) were withdrawn at intervals and added to
ice-cold buffer (sorbitol-HEPES) containing 50 mm unlabeled
phosphate. The aliquots were washed three times by centrifu-
gation before scintillation counting.

Determination of Total, Soluble, and Insoluble Iron and
Phosphate in Isolated Mitochondria—The phosphate content
of isolated mitochondria (without prior incubation with
[*?P]phosphate) was determined using a colorimetric molyb-
date assay (29). Total phosphate was estimated after disrupt-
ing whole mitochondria in 10 mm HEPES buffer, pH 7, con-
taining 0.1% SDS. Soluble phosphate was measured as follows;
the mitochondria were lysed in hypotonic buffer (10 mm
HEPES, pH 7) and sonicated for 30 s; the insoluble fraction
was removed by centrifugation at 10,000 X g for 30 min, and
the phosphate content of the soluble fraction was measured
by the same colorimetric method. Alternatively, the phos-
phate content and distribution in the mitochondria was deter-
mined by scintillation counting after growing the cells in the
presence of [**P]orthophosphate. Total, soluble, and insoluble
iron (°*°Fe) contents in whole mitochondria, in the intermem-
brane space, and in mitochondrial matrices were measured by
scintillation counting of the corresponding fractions.

Iron Uptake by Whole Cells as a Function of Phosphate Con-
centration in Medium—The cells were precultured in defined
medium and then transferred to defined medium without
phosphate and cultured for a further 15 h. The cells were then
harvested, resuspended in the same medium without phos-
phate at an A, ,,,, of 0.01 and distributed into the wells of a
microtiter plate (100 ul/well). Phosphate (K,HPO,/KH,PO,,
pH 7) was added to the wells at various concentrations (0.1 mm-
0.2 M), and then iron was added as >°Fe(II)-ascorbate (1:10).
The cells were grown at 30 °C in the microtiter plate with
shaking. After 24 h of growth, the A4y, ,,, Was recorded, and
the cells were harvested and washed on the filter of a cell har-
vester (Brandel) and subjected to scintillation counting.

RNA Isolation and Real-time Quantitative PCR Analysis—
Total RNA for real-time quantitative PCR analysis was ex-
tracted from cells cultured to an Ay ., ~ 0.8 using the hot
phenol method as described previously (30) and purified us-
ing Qiagen columns (RNeasy kit). Cultures were done in de-
fined media without phosphate supplemented with 200 mg/1
adenine and 50 uM iron ascorbate, to which 0.1, 10, and 200
mM phosphate was added. Real-time quantitative PCR analy-
sis was performed as described previously (30). The ACTI
gene mRNA was used for normalization. The primer se-
quences were as follows: for the ACTI gene, 5'-GAGTTGCC-
CCAGAAGAACACC-3" and 5'-GATGGAAACGTAGAAG-
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FIGURE 1. Iron uptake by mitochondria isolated from various strains.
Mitochondria isolated from wild-type (closed circles), Amrs3Amrs4 (open
circles), Ayfh1 (closed squares), or Aggc1 (open squares) cells grown on
complete medium were preincubated for 15 min at 30 °Cin 0.6 M sorbi-
tol buffered with 50 mm HEPES, pH 7, containing T mm NADH. Then, iron
(10 um >>Fe(ll)-ascorbate) was added. Aliquots were withdrawn at inter-
vals, washed, and counted for iron. Values are means = S.E. for three
experiments.

GCTGG-3'; for the FET3 gene, 5'-TAAAGCCGATAACCC-
AGGTG-3" and 5'-CACAGAGCAACTCTGGCAAA-3'; for
the SIT1 gene, 5'-GGCATTTCTTGTTGGATCGT-3’ and
5'-CCAATGATACCGGAATGAGC-3’; for the PHO84 gene,
5'-CCAAACACAACCACCTTTATTG-3" and 5'-ACCAGA-
TGCAGCAGAAATACC-3'; for the MIRI gene, 5'-TGAAT-
TTGCTTTCCGGTTTG-3' and 5'-GGCCAGGAGCCTTCT-
TAGTC-3’; for the PIC2 gene, 5'-GCCAACGAGTCCATGT-
CTG-3" and 5'-CACCATTAACCCATTCCACAA-3'".
Relative expression in Ayfh1/W'T cells was calculated using
the equation described by Pfaffl (31). Results reported were
obtained from three biological replicates, and PCR runs were
repeated at least twice.

Miscellaneous—The in-gel aconitase assay was performed
as described previously (32). The respiratory activity of iso-
lated mitochondria was evaluated by an oxypolarographic
method. The rate of oxygen consumption was measured with
a 1-ml thermostatically controlled oxypolarographic cell
equipped with a Clark-type electrode. Low temperature ab-
sorption spectra (—191 °C) of whole cells were recorded as
described previously (33, 34).

RESULTS

Increased Iron Uptake by Isolated Ayfhl Mitochondria—
Iron is normally stored in the vacuole in yeast (27). Yeast mu-
tants affected in [Fe-S] cluster biogenesis accumulate iron in
their mitochondria, and the mechanism by which iron mislo-
calizes in these mutants is unknown (14). We investigated
whether this phenotype of mitochondrial iron accumulation
can be detected in vitro; we measured iron uptake (from fer-
rous ascorbate) by mitochondria isolated from different yeast
strains (Fig. 1). Mitochondria isolated from a AyfhI strain ac-
cumulated more iron than wild-type mitochondria. This was
also true, although to a lesser extent for mitochondria isolated
from another mutant affected in [Fe-S] cluster biogenesis,
Aggcl (Fig. 1), which lacks the GTP/GDP mitochondrial car-
rier (35) and that we used as a control throughout this study
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FIGURE 2. Dependence of mitochondrial iron uptake on iron concentra-
tion. Mitochondria from wild-type (circles) or Ayfh1 (squares) cells were in-
cubated in the presence of 1 mm NADH in isotonic sorbitol-HEPES buffer at
4°C (A) or 30 °C (B) with one of a series of concentrations of >>Fe(ll)-ascor-
bate for 5 min with (gray symbols; nonspecific binding) or without (black
symbols; total binding) a 1000-fold excess of unlabeled Fe(ll)-ascorbate. The
mitochondria were washed with isotonic buffer on the filter of a cell har-
vester before scintillation counting. Open symbols represent the specific
binding of iron (total binding minus nonspecific binding). Data are from
one representative experiment.

because it accumulates mitochondrial iron in the same form
than the AyfiI mutant (13). However, mitochondria isolated
from an Amrs3Amrs4 strain accumulated similar amounts of
iron as wild-type mitochondria (Fig. 1). The MRS3/4 gene
products are generally considered to be the main mitochon-
drial iron carriers (18) so it is probable that in vitro iron up-
take observed in this experimental system did not reflect the
in vivo mechanism of iron acquisition by mitochondria.
Moreover, Scatchard experiments did not provide evidence of
any saturation for the specific uptake of iron by isolated mito-
chondria (Fig. 2). Despite this evidence that in vitro iron up-
take did not mechanistically reflect in vivo mitochondrial iron
uptake, it is striking that a major phenotype of AyfhI cells
(mitochondrial iron accumulation) was observed when mea-
suring iron uptake by mitochondria isolated from this mutant
(Fig. 1). As the mechanism of uptake was not saturable under
our experimental conditions (Fig. 2), the greater uptake of
iron by Ayfh1 mitochondria than by wild-type mitochondria
probably did not result from a higher activity of the mitochon-
drial iron carrier(s) involved in these experiments. Another pos-
sibility is that, in AyfhI but not in wild-type mitochondria, iron
loses its mobility after entering the mitochondria, thereby dis-
placing the thermodynamic equilibrium toward increased net
intramitochondrial iron accumulation. This would be con-
sistent with the observation that, in Scatchard experiments
(Fig. 2), the mean rate of iron uptake by wild-type mito-
chondria increased about three times when the tempera-
ture was increased from 4 °C (Fig. 24) to 30 °C (Fig. 2B). In
the same conditions, the rate of iron uptake by Ayfi11 only
doubled (Fig. 2). This suggests that one component of the
iron uptake process that is temperature-independent is
greater for Ayfhi1 than wild-type mitochondria. This com-
ponent may be iron precipitation inside the mitochondria.
We tested this possibility by investigating the fate of iron
after its uptake by mitochondria isolated from different
strains.
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FIGURE 3. Iron precipitation in the matrix of Ayfh1 mitochondria. A, ratio of
insoluble-to-soluble iron in whole mitochondria of wild-type, Ayfh1, and Aggc1
cells. The mitochondria (1 mg/ml) were incubated for 30 min at 30 °Ciin 0.6 M
sorbitol buffered with 50 mm HEPES, pH 7, containing 1 mm NADH and 10 um
>Fe(Il)-ascorbate, washed in isotonic buffer, and then lysed in hypotonic buffer
and sonicated. The soluble and insoluble fractions were separated by centrifu-
gation before counting iron in each fraction. Data are means = S.E. for three
experiments. B, intramitochondrial distribution of soluble and insoluble iron in
WT and AyfhT mitochondria. The mitochondria (1 mg/ml) were incubated for 5
min at 30 °Ciin 0.6 M sorbitol buffered with 50 mm HEPES, pH 7, containing 1 mm
NADH and 10 um >*Fe(ll)-ascorbate, washed in isotonic buffer, and fractionated
as described under “Experimental Procedures.” The soluble and insoluble frac-
tions of the intermembrane space (IMS) and of the matrix were separated by
centrifugation before counting iron in each fraction. Data are from one repre-
sentative experiment.

Precipitation of Iron in Ayfhl Mitochondrial Matrix—Mu-
tants affected in [Fe-S] cluster biogenesis accumulate iron in
the mitochondria essentially in an insoluble form, as ferric
phosphate nanoparticles (6, 13, 20, 21). We tested whether
the apparent higher rate of iron uptake by mitochondria iso-
lated from AyfhI cells was associated with precipitation of
iron in vitro in the mitochondrial matrix. Mitochondria were
incubated with ®°Fe (as ferrous ascorbate), washed, and then
disrupted by sonication in hypotonic buffer. The lysates were
then separated into soluble and insoluble fractions by ultra-
centrifugation. Iron was determined in each of these fractions
(Fig. 3A4). In Ayfhl mitochondria, but not in wild-type mito-
chondria, most of the iron precipitated and became insoluble
rapidly after its uptake. The same process occurred in Aggcl
mitochondria, although to a lesser extent (Fig. 3A). Analysis
of the submitochondrial fractions showed that iron precipi-
tated in the mitochondrial matrix of AyfhI mitochondria (Fig.
3B). The precipitation of iron in the matrix of Ayfi1 mito-
chondria presumably results from its oxidation to ferric ions
in this compartment and binding to an anion with which it
forms an insoluble complex. It is plausible that the ferrous
iron is oxidized by oxygen, and the resulting ferric ions pre-
cipitate with phosphate, which was shown previously to be
associated with insoluble mitochondrial iron in Ayfh1 cells in
vivo (6, 13).

Role of Oxygen and Phosphate in Iron Precipitation—Iron
did not accumulate in the mitochondria of AyfhI cells grown
anaerobically (2 ppm of O,). Mitochondria isolated from aero-
bically grown AyfhI cells and incubated with iron (as ferrous
ascorbate) under anaerobiosis also did not precipitate iron in
the matrix (data not shown). However, addition of ferrous
ascorbate to a suspension of isolated Ayfhl mitochondria un-
der aerobiosis resulted in significant oxygen consumption by
the mitochondria (Fig. 4) consistent with the oxidation of iron
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FIGURE 4. Effect of ferrous iron on oxygen consumption by isolated mi-
tochondria. Mitochondria from Ayfh1 (left panel) or wild-type cells (right
panel) were suspended at 2 mg/ml in sorbitol-HEPES isotonic buffer at 30 °C
in the chamber of the oxypolarographic cell, and oxygen consumption was
recorded. At the indicated times, NADH (1 mm) and Fe(ll)-ascorbate (50 um)
were added. Left panel: curve 1, addition of Fe(ll)-ascorbate to the buffer
alone (with NADH but without mitochondria); curve 2, addition of Fe(ll)-
ascorbate to the suspension of Ayfh1 mitochondria (without NADH); curve
3, addition of Fe(ll)-ascorbate to the suspension of Ayfh1 mitochondria
(with prior addition of NADH). Right panel: curve 1, addition of Fe(ll)-ascor-
bate to the suspension of wild-type mitochondria (without NADH); curve 2,
addition of Fe(ll)-ascorbate to the suspension of wild-type mitochondria
(with prior addition of NADH).
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FIGURE 5. Phosphate content, uptake, and distribution in the mitochon-
dria of various strains. A, Total (black bars) and soluble (white bars) phosphate
measured colorimetrically in mitochondria of wild-type and Ayfh1 cells grown
on complete medium (YP-raffinose). Values are means = S.E. for three experi-
ments. B, kinetics of phosphate uptake by isolated mitochondria. Mitochondria
isolated from wild-type (closed circles), Ayfh1 (closed squares) or Aggc1 (open
squares) cells grown on complete medium were preincubated for 15 min at
30°Cin 0.6 M sorbitol buffered with 50 mm HEPES, pH 7, containing 1 mm
NADH, and then phosphate was added as 500 um [>?Plorthophosphate. Ali-
quots were withdrawn at intervals, washed, and counted for phosphate. Values
reported are means * S.E. for three experiments. C, ratio of insoluble-to-soluble
phosphate in whole mitochondria from wild-type, Ayfh1, and Aggc1 cells. The
mitochondria (1 mg/ml) were incubated for 30 min at 30 °C in 0.6 m sorbitol
buffered with 50 mm HEPES, pH 7, containing 1 mm NADH and 500 um
[®?Plorthophosphate, washed in isotonic buffer, and then lysed in hypotonic
buffer and sonicated. The soluble and insoluble fractions were separated by
centrifugation before counting phosphate in each fraction. Values are means =
S.E. for three experiments. Pi, inorganic phosphate.

in the mitochondrial matrix. A good candidate anion for pre-
cipitating the resulting ferric iron is phosphate. We used a
colorimetric method to assay the phosphate content of Ayfh1
and wild-type mitochondria after cell growth in complete me-
dium (YP-raffinose). There was significantly more total phos-
phate but much less soluble phosphate in Ayfil mitochondria
than in wild-type mitochondria (Fig. 54). Similar results were
obtained by growing the cells in complete medium containing
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[**P]orthophosphate and then counting soluble and insoluble
phosphate in the mitochondria; the insoluble-to-soluble ratio
of phosphate in the mitochondria measured by this method
was 2.0 = 0.3 for the wild-type, 8.7 £ 0.5 for Ayfhl and 4.3 =
0.9 for Aggcl mitochondria (mean * S.E. for three experi-
ments). The rate of orthophosphate uptake was also higher by
isolated Ayfh1 than isolated wild-type or AggcI mitochondria
(Fig. 5B). We then checked whether phosphate precipitated in
vitro in the matrix of mitochondria isolated from Ayfh1 cells.
Isolated mitochondria were incubated with ferrous ascorbate
and [**P]orthophosphate. Most of the phosphate taken up by
wild-type mitochondria remained soluble, whereas a signifi-
cant part of the phosphate in Ayfli1 mitochondria was recov-
ered in the insoluble fraction (Fig. 5C). Much less phosphate
precipitated in AggcI than in Ayfhl mitochondria (Fig. 5C).
These various findings suggest that iron and phosphate co-
precipitate in the mitochondria of mutants defective in [Fe-S]
cluster biogenesis, both in vivo and in vitro, and that this phe-
nomenon is more extensive in Ayfi1 mitochondria than in
mitochondria of another [Fe-S] cluster biogenesis mutant
(Aggcl). We examined the development of iron and phos-
phate precipitation ix vivo, in a strain with conditional ex-
pression of YFH . For this experiment, we used the ERyfh1 in
which transcription of the YFHI gene is controlled by the
concentration of estradiol in the growth medium (13). We
previously showed that with 2.5 nm estradiol in the medium,
the amount of Yth1 was ~100 molecules per cell (i.e. >10-
fold less than in wild-type cells), which was enough to prevent
mitochondrial iron accumulation (13). We thus analyzed
ERyfth1 cells grown with estradiol in the medium at concen-
trations ranging from 0 to 2.5 nm (0, 0.5, 1, and 2.5 nm), lead-
ing to cellular Yfh1 contents ranging from 0 to 100 molecules
per cell. At 2.5 nM estradiol, the mitochondrial phosphate and
iron contents and distributions in the ERyfh1 strain were sim-
ilar to the values found in the wild-type strain (data not
shown). Fig. 6 shows that the insoluble-to-soluble ratio of mi-
tochondrial iron progressively increased when the estradiol
concentration in the medium was decreased from 2.5 to 0 nm.
In the same conditions, the insoluble-to-soluble ratio of phos-
phate in the mitochondria suddenly increased (from about
two to eight; Fig. 6) when the estradiol concentration was de-
creased from 2.5 to 1 nm, a condition in which iron accumula-
tion was still mild, and then increased moderately when estra-
diol concentration was further decreased (Fig. 6). This result
indicates that phosphate precipitation occurred very early,
when iron just started to accumulate moderately in the
mitochondria.

High Phosphate Concentration in Medium Suppresses Iron
Accumulation Phenotype of Ayfhl Cells—Co-precipitation of
iron and phosphate in the mitochondria of Ayfhi1 cells theo-
retically has several possible implications. One is that excess
phosphate in the mitochondria is part of the cause of iron
precipitation leading to iron accumulation in the mitochon-
dria. In this case, it should be possible to decrease iron accu-
mulation in the mitochondria by decreasing the cell phos-
phate content. Another possibility is that co-precipitation
with iron reduces the amount of free phosphate available for
oxidative phosphorylation in the mitochondrial matrix of
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ting (20 wg mitochondrial protein per lane). Yfh1p was no longer detecta-
ble at concentrations of estradiol lower than 1 nm, and its level was esti-
mated by linear regression from standard curves. Values are means = S.E.
for three experiments. MW, molecular mass.
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FIGURE 7. Effect of phosphate concentration on iron accumulation and
growth of various strains. A, iron accumulation by wild-type (circles) or
Ayfh1 (squares) cells grown with each of a series of concentrations of phos-
phate and with either 1 um (open symbols) or 50 um (closed symbols) iron

(as >°Fe(ll)-ascorbate). B, iron accumulation by wild-type (circles), Ayfh1
(squares), or Aggcl (triangles) cells grown with each of a series of concentra-
tions of phosphate and with 50 um iron (as >>Fe(ll)-ascorbate). C, growth of
wild-type (circles) or Ayfh1 (squares) cells grown with each of a series of con-
centrations of phosphate and with either 1 um (open symbols) or 50 um
(closed symbols) iron (as Fe(ll)-ascorbate). The cell growth was estimated by
measuring the OD 600 nm in microtiter plates (optical path of 0.1 cm). Re-
ported values are means = S.E. for four experiments.

Ayfh1 cells. Were this the case, increasing the cell phosphate
content would be beneficial, by making more phosphate avail-
able for biological processes. We studied the effect of phos-
phate concentration in the growth medium on cell growth
and on iron accumulation by the cells (Fig. 7). Increasing the
phosphate concentration in the medium resulted in a sub-
stantial decrease in iron accumulation by Ayfh1 cells, which
recovered wild-type levels of iron at a phosphate concentra-
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TABLE 1

Relative abundance of some transcripts in Ayfh1 cells compared to wild-type cells
grown in defined medium containing different concentrations of phosphate.
Transcript abundance was estimated by real-time quantitative PCR analysis, as
described under “Experimental Procedures.” Results are expressed as the ratio of
transcript abundance in AyfhI cells versus wild-type cells. Values are means *
S.E. for three experiments.

Phosphate concentration

Gene 0.1 mMm 10 mMm 200 mM
FET3 129.6 + 14.24 24.9 + 2.09 8.3 091
SITI 194.8 = 20.31 89.6 = 4.3 27.5 + 2.65
PHO84 4.3 = 0.15 1.3+0.12 1.3 £0.29
MIRI 0.6 + 0.03 0.5 = 0.09 1.1 = 0.09
PIC2 0.1 +0.01 0.9 = 0.16 2.8 +0.18

tion of 200 mm (Fig. 7A). In parallel with this effect, Ayfh1 cell
growth was strongly stimulated by high concentrations of
phosphate in the medium (Fig. 7C). This effect of phosphate
was iron-dependent, being more pronounced when the me-
dium contained excess iron (50 um) (Fig. 7, A and C), and was
much larger for Ayfhi1 cells than for another mutant defective
in [Fe-S] cluster biogenesis (AggcI; Fig. 7B). The beneficial
effect of phosphate on AyfhI cell physiology was also evi-
denced by the observation that in the presence of excess
phosphate in the medium (100 mm), AyfhI cells recovered
some ability to grow on a nonfermentable carbon source (YP-
glycerol plate), indicating that the cells recovered some respi-
ratory activity in this condition (data not shown). The effect
of phosphate in the medium on mitochondrial iron accumula-
tion was probably mostly transcriptional because the expres-
sion of genes of the iron regulon (FET3 and SIT1, regulated by
Aftl) in Ayfhl cells was strongly decreased when the concen-
tration of phosphate in the medium was increased from 0.1 to
200 mM (Table 1). Table 1 also shows that MIR1 and PIC2,
encoding the main mitochondrial phosphate carriers, were
repressed in Ayfh1 cells (compared with wild-type cells)
grown on low phosphate medium. Expression of these genes
in Ayfh1 cells increased when increasing the phosphate con-
tent of the medium (Table 1), which, together with the de-
crease in iron accumulation by the cells, could account for
the better fitness of Ayfli1 cells grown in phosphate-rich
medium.

Overexpression of Mitochondrial Phosphate Carrier Mirl
Improves Growth and Respiratory Functions of Ayfhl Cells—
Our results suggest that although total phosphate is more
abundant in Ayfh1 than wild-type mitochondria, AyfhI cells
suffer from a lack of bioavailable phosphate due to its co-pre-
cipitation with iron. In agreement with this hypothesis, we
observed that the expression of PHO84, encoding the high
affinity phosphate transporter, was strongly increased in
Ayfh1 cells (compared with wild-type cells) in low phosphate
medium (Table 1). Mirl is the main mitochondrial phosphate
carrier in yeast, although Pic2 also contributes to mitochon-
drial phosphate import under stress conditions (22). We tried
to manipulate the mitochondrial phosphate content/availabil-
ity by overexpressing MIRI on a multicopy plasmid in wild-
type, Ayfhl, and Aggcl strains. When MIRI was overex-
pressed, the steady-state level of soluble mitochondrial
phosphate increased only moderately (23 * 4% in wild-type
mitochondria and 8 = 2% in Ayfh1 mitochondria; mean =
S.E. for three experiments). However, overexpression of MIR1

6076 JOURNAL OF BIOLOGICAL CHEMISTRY

1 2 3 4

A. Aconitase

B. Cytochromes

cb
|
1

Absorbancy

540 580
Wavelength (nm)

0
500 620

FIGURE 8. Improvement of mitochondrial functions by MIRT overex-
pression in Ayfh1 cells. A, in-gel aconitase activity (using 50 ug mitochon-
drial protein per lane). Lane 1, Ayfh1; lane 2, Ayfh1-MIR1; lane 3, WT; lane 4,
WT-MIR1. B, low temperature spectra of whole cells. Curve 1, Ayfh1; curve 2,
Ayfh1-MIR1; curve 3, Aggc1-MIRT; curve 4, AggcT; curve 5, WT.
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FIGURE 9. Effect of MIR1 overexpression on cell growth in various condi-
tions. Wild-type, Ayfh1, and Aggc1 cells were transformed by the Yep352-
MIRT plasmid (pMIR1 +) or by the empty plasmid (pMIRT —). The cells were
sequentially diluted 5-fold and then plated on various media. A, defined
medium; B, YP-glycerol; C, YP-glycerol and 100 um Fe(lll)-citrate; D, defined
medium and 0.5 mm CuSO,.

in Ayfh1 cells, but not that in Aggc1 cells, clearly resulted in an
improvement of cell growth and of the mitochondrial func-
tions that are impaired in the frataxin-deficient mutant. Both
cytochrome synthesis and [Fe-S] cluster biogenesis (as evi-
denced by measuring aconitase activity) were improved in
Ayfh1 cells by overexpression of MIRI (Fig. 8, A and B). In
contrast, when MIRI was overexpressed in AggcI cells, the
synthesis of cytochromes was impaired (cytochromes b and ¢,
disappeared) (Fig. 8B), indicating that the beneficial effect of
MIR1 overexpression was specific to Ayfh1 cells. Moreover,
growth of the Ayfh1 cells but not of Aggcl cells on a nonfer-
mentable carbon source was partly restored by MIRI overex-
pression (Fig. 9, B and C: compare lanes 3 and 4 (Ayfhl) and
lanes 5 and 6 (Aggcl)). The resistance of the cells to an oxida-
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tive stress (copper) was also improved when MIRI was over-
expressed in the Ayfhl mutant (Fig. 9D, lanes 3 and 4), but
not in the Aggcl mutant (Fig. 9D, lanes 5 and 6). Suppressor
mutations are frequent in Ayfhi1 cells (6), so we checked that
the effects of MIR1 overexpression in Ayfh1 cells were reversi-
ble by ejecting the plasmid bearing MIR1 (and URA3 as the
selection marker) on 5-fluoroorotic acid plates. The pheno-
type of Ayfhl cells from which the MIR1 plasmid was ejected
was the same as the phenotype of untransformed Ayfh1 cells
(data not shown). This demonstrates that the improvement of
respiratory functions observed in AyfhiI cells overexpressing
MIRI was not due to any suppressor mutations.

DISCUSSION

Physiological Implications of Iron Accumulation and Precip-
itation in Ayfhl Mitochondria—Frataxin-deficient yeast cells
accumulate iron in the mitochondria in the form of amor-
phous nanoparticles of ferric phosphate, as do other mutants
defective in [Fe-S] cluster biogenesis or export (6, 13, 20, 21).
This observation has several implications. First, as most of the
iron accumulated in the mitochondria is biologically unavail-
able/inactive, these mutants might paradoxically suffer from a
lack of iron, despite being overloaded with iron. Consistent
with this, the viability of Ayfhi1 cells was increased when an
excess iron was added to the medium (13). A second implica-
tion is that these cells must be affected in their metabolism of
phosphate because a large amount of phosphate co-precipi-
tates with iron in the mitochondria and thereby becomes un-
available for vital biological processes, including oxidative
phosphorylation. The issue of iron accumulation/precipita-
tion in Ayfi1 mitochondria has been extensively studied but
that of phosphate co-precipitation in these mitochondria has
never been investigated, as far as we are aware. Nevertheless,
there should be a link between phosphate and iron homeosta-
sis in yeast because iron and other cations are normally stored
in the vacuole of this organism in association with polyphos-
phates (27). The effect of phosphate on metal ion homeostasis
in yeast was recently investigated by Rosenfeld et al. (26), who
found that disruptions in phosphate control elicit an Aftl-de-
pendent iron starvation response. In Ayfil mutants, iron is
not stored in the vacuole but accumulates in the mitochon-
dria, and here also, iron is associated with phosphate. Unlike
the iron stored in vacuoles of wild-type cells, the iron accu-
mulated in mitochondria of mutant cells cannot be mobilized
because it forms an amorphous precipitate of ferric phos-
phate. Here, we show that a similar process occurs in vitro;
both orthophosphate anions and ferrous cations that are
taken up by isolated AyfhI mitochondria rapidly become in-
soluble in the mitochondrial matrix. The most probable ex-
planation is that the iron is oxidized and then precipitates
with phosphate inside the mitochondria.

Cause of Iron and Phosphate Co-precipitation—The reason
why this process occurs in frataxin-deficient mitochondria
but not in wild-type mitochondria might be related to the
presence, in Ayfhl mitochondria, of preformed nanoparticles
of ferric phosphate; these nanoparticles may act as nucleation
centers for further precipitation of iron and phosphate. It is
particularly striking that this phenotype observed i vivo in
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Ayfhl cells is also found in vitro with isolated Ayfh1 mito-
chondria, although there is no evidence that the same mecha-
nism is at play.

One hypothesis is that iron accumulation/precipitation in
vivo in Ayfhl mitochondria is a result of phosphate accumula-
tion, which itself would result from deficiencies in the respira-
tory chain, with a subsequent decrease in the flux of phos-
phate utilization for oxidative phosphorylation. Iron entering
the mitochondria may precipitate with this excess phosphate,
after oxidation by oxygen, the concentration of which is ex-
pected to be higher in mutant than in wild-type mitochon-
dria. In this hypothesis, phosphate would accumulate first in
Ayfh1 mitochondria, followed by iron precipitation due to the
excess of phosphate. To address this issue, we tried to deter-
mine the time course of iron and phosphate accumulation/
precipitation in the mitochondria when the level of Yth1 was
progressively decreased in a strain expressing YFH1 condi-
tionally. Our data show that phosphate precipitates very early
when the level of Yfh1 is decreased, whereas iron accumula-
tion and precipitation is more progressive. Thus, iron proba-
bly precipitates in the form of ferric phosphate as soon as it
starts to accumulate in the mitochondria, resulting in a rapid
decrease in the soluble, bioavailable pool of phosphate. When
we progressively decreased the level of Yth1, we did not ob-
serve any transient increase in the soluble phosphate pool
preceding the accumulation/precipitation of iron. Thus, our
data do not allow us to conclude that iron precipitation in
frataxin-deficient cells is initially caused by the presence of
excess phosphates in the mitochondria of these cells. More-
over, if this was the case, iron accumulation/precipitation in
Ayfh1 cells would be expected to be decreased by phosphate-
limiting conditions, which is the opposite of what we found.
Further investigations are thus needed to identify the cause of
iron and phosphate accumulation and co-precipitation. Possi-
bly, iron starts to accumulate because it cannot be incorpo-
rated properly in heme and [Fe-S] clusters, and it oxidizes and
co-precipitates with phosphate as a result of the low capacity
of the mutant mitochondria to reduce oxygen.

Beneficial Effects of Excess Phosphate in Medium and of
MIRI Overexpression—Iron accumulation in Ayfh1 cells
strongly increased with decreased concentrations of phos-
phate in the medium, and conversely, growing the cells in the
presence of a large excess of phosphate resulted in much less
iron accumulation. The relationship between phosphate and
iron homeostasis is thus complex because excess phosphate
improves the fitness of AyfiiI cells in terms of growth, iron
accumulation and the ability of the cells to grow on a nonfer-
mentable carbon source. This effect is probably mostly tran-
scriptional because increasing phosphate concentration in the
medium leads to a decrease in the level of transcription of
Aftl-regulated genes, which are constitutively induced in mu-
tants affected in [Fe-S] cluster assembly. But here again, the
effect of phosphate could be indirect. We showed here that
excess phosphate in the medium resulted in increased fitness
of Ayfh1 cells, which recovered some ability to grow on a non-
fermentable carbon source. Excess phosphate in the medium
also resulted in increased expression of the genes encoding
the mitochondrial phosphate carriers, MIRI and PIC2. In sep-
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arate experiments, we showed that overexpressing MIR1
without changing the phosphate content of the medium also
improved the respiratory functions of AyfhiI cells. Thus, the
most probable explanation is that the mitochondrial functions
of frataxin-deficient cells are partially restored by increasing
the level of bioavailable phosphate in the mitochondria. Such
an improvement of the respiratory functions, involving some
restoration of mitochondrial [Fe-S] biogenesis, is itself ex-
pected to decrease the level of transcription of the iron regu-
lon genes, leading to decreased iron accumulation.

We suggest that Ayfhi1 cells suffer from a lack of available
phosphate for biological processes, in exactly the same way as
they suffer from a lack of bioavailable iron, because iron and
phosphate co-precipitate in the mitochondria by a mecha-
nism that remains to be elucidated. Frataxin-deficient cells
are impaired in oxidative phosphorylation (36), and there are
several possible causes of this defect, including insufficient
available inorganic phosphate.

Frataxin-deficient cells suffer from multiple defects, which
are probably cumulative and generate vicious spirals. For ex-
ample, a primary small defect in [Fe-S] cluster assembly could
result in iron accumulation/precipitation in the mitochondria,
leading to decreased iron availability (including for [Fe-S] bio-
genesis) thereby continuing the spiral. The same could be true
for phosphate; the defect in oxidative phosphorylation result-
ing from the deficiencies in the respiratory chain may be
strengthened by the lack of phosphate resulting from the co-
precipitation of iron and phosphate in the matrix. This obvi-
ously remains a hypothesis, and further evidence is required.

The beneficial effect of increasing phosphate concentration
in the medium was much clearer in the Ayfi1 mutant than in
the AggcI mutant that we used as a control. Both mutants are
affected in [Fe-S] cluster assembly and accumulate iron in the
mitochondria in the same form of nanoparticles of ferric
phosphate (13). Several phenotypes found in frataxin-defi-
cient cells are shared by different mutants affected in the bio-
genesis of [Fe-S] clusters, and it is thus important to compare
different [Fe-S] mutants to determine which phenotypes are
specifically related to the lack of frataxin rather than to a gen-
eral defect in [Fe-S] biogenesis. Here, we observed some co-
precipitation of iron and phosphate in both Ayfli1 and Aggcl
mitochondria, although this phenotype was much more
marked in Ayfhl than in Aggcl mitochondria. Similarly, in-
creasing the phosphate concentration in the medium resulted
in decreased iron accumulation in both mutants, but this ef-
fect was again much more spectacular in Ayfli1 than in Aggcl
cells. These differences between the mutants might be due to
the fact that the phenotypes of iron accumulation and of res-
piration deficiency are more pronounced in Ayfh1 than in
Aggcl cells. However, the beneficial effect of MIR1 overex-
pression was not observed at all in the Aggcl mutant, thereby
suggesting a specific effect of phosphate in frataxin-deficient
cells. Our interpretation of these various findings is that Mirl
overproduction makes phosphate more available for biologi-
cal processes in the mitochondrial matrix of Ayfi1 mitochon-
dria (where most of the phosphate present is precipitated and
biologically unavailable), thereby improving mitochondrial
functions in a way that remains to be elucidated. Alterna-
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tively, the mitochondrial functions of Ayfhi1 cells might be
improved by the increased flux of phosphate into the mito-
chondria because Mirl-mediated phosphate import into mi-
tochondria significantly contributes to the mitochondrial
membrane potential (37). We are currently testing these
hypotheses.
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